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OutlineOutline
Beyond the SM Scenarios:Beyond the SM Scenarios:

–– SupersymmetrySupersymmetry
–– Neutrino MassesNeutrino Masses
–– Grand UnificationGrand Unification
–– Flavor  Flavor  SymmerySymmery
–– OtherOther ((TeVTeV scale extra matter, ..)scale extra matter, ..)

Effects on Effects on MuonMuon Properties:Properties:
–– (g(g--2)2)
–– Electric Dipole Moment (EDM)Electric Dipole Moment (EDM)
–– Lepton Flavor ViolationLepton Flavor Violation

µµ→→eeγγ
mm-- e conversione conversion

Related Processes:Related Processes:
–– EDM of electron, neutron, deuteronEDM of electron, neutron, deuteron
−− ττ→→µγµγ

ConclusionsConclusions



Stability of Higgs Mass Stability of Higgs Mass 

With SUSY, Quadratic Divergence Cancels



With SUSY, gauge boson contribution is 
cancelled by gaugino contribution.



SUSY SpectrumSUSY Spectrum

SM ParticlesSM Particles SUSY PartnersSUSY Partners

Spin = 0Spin = 1/2

Spin = 0 Spin = 1/2

Spin = 1 Spin = 1/2



Evolution of Gauge Couplings Evolution of Gauge Couplings 

Standard Model Supersymmetry



Structure of Matter MultipletsStructure of Matter Multiplets



Matter Unification Matter Unification 
in 16 of SO(10)in 16 of SO(10)



M. Maltoni et al., Phys. Rev. D68, 113010 (2003)



LSND

Aguilar, et. al hep-exp/0104049



Patterns of Neutrino Mass SpectrumPatterns of Neutrino Mass Spectrum



Neutrino Mixing versus Quark MixingNeutrino Mixing versus Quark Mixing

Leptons

Quarks

Disparity a challenge for Quark-Lepton unified theories.



Neutrino Masses and the Scale of New PhysicsNeutrino Masses and the Scale of New Physics

from atmospheric neutrino oscillation data 

Very close to the GUT scale.

Leptogenesis via νR decay explains cosmological baryon asymmetry



Muon (g − 2) in Supersymmetric Models

µL µR
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Figure 1: Neutralino and Chargino diagrams for muon (g − 2).
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Figure 2: LSP mass vs. δaµ.

M. Byrne, C. Kolda and J.E. Lennon, hep-ph//0208067.
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Figure 3: Muon Anomalous Magnetic Moment.

Ts. Enkhbat, KSB



Lepton Flavor Violation and Neutrino MassLepton Flavor Violation and Neutrino Mass

Seesaw mechanism naturally explains small Seesaw mechanism naturally explains small νν−−mass.mass.

Current neutrinoCurrent neutrino--oscillation data suggestsoscillation data suggests

Flavor change in neutrinoFlavor change in neutrino--sectorsector

Flavor change in charged leptonsFlavor change in charged leptons

In standard model with seesaw, In standard model with seesaw, leptonicleptonic flavor changing is very tiny.flavor changing is very tiny.



In Supersymmetric Standard ModelIn Supersymmetric Standard Model

ForFor νR activeactive

flavor violation in neutrino sector transmitted to flavor violation in neutrino sector transmitted to SleptonsSleptons

SUSY Seesaw MechanismSUSY Seesaw Mechanism

Borzumati, Masiero (1986)

Hall, Kostelecky, Raby (1986)

Hisano et. al.,  (1995) 

Hisano, Okada (1998)

If If BB--L L is gauged, Mis gauged, MRR must arise through must arise through YukawaYukawa couplings.couplings.

Flavor violation may reside entirely in Flavor violation may reside entirely in ff or entirely in or entirely in YYνν



If flavor violation occurs only in If flavor violation occurs only in DiracDirac YukawaYukawa YYνν (with (with 
mSUGRA)mSUGRA)

If flavor violation occurs only inIf flavor violation occurs only in f ((MajoranaMajorana LFVLFV))

LFV in the two scenarios are comparable.LFV in the two scenarios are comparable.

More detailed study is needed.  More detailed study is needed.  



LFV from Dirac neutrino Yukawa couplings 

Hisano, Okada, (1998)



LFV from Majorana Yukawa Couplings
Dutta, Mohapatra, KSB (2002)Minimal SUSY Left-Right Symmetric Model

Relevant for Leptogenesis: Baryon asymmetry can be related to neutrino 
oscillation parameters



For For DiracDirac LFV scenarioLFV scenario

Same neutrino oscillation parameters as in Same neutrino oscillation parameters as in MajoronaMajorona LFVLFV

The two scenarios differ in predictions forThe two scenarios differ in predictions for



Majorana LFV

Dutta, Mohapatra, KSB (2002)



Majorana LFV



Dirac versus Majorana LFV

Solid line: Majorana LFV

Dotted line: Dirac LFV

Dutta, Mohapatra, KSB (2002)



Flavor Symmetry and Fermion Mass Hierarchy

• Complex Yukawa couplings. »»»SUSY in mSUGRA with real universal soft parameters.

• Fermion mass matrices:

Mu ∼ 〈Hu〉





ǫ 8 ǫ 6 ǫ 4

ǫ 6 ǫ4 ǫ2

ǫ 4 ǫ2 1



 Md ∼ 〈Hd〉ǫ
p





ǫ 5 ǫ 4 ǫ 4

ǫ3 ǫ2 ǫ2

ǫ 1 1



 ,

Me ∼ 〈Hd〉ǫ
p





ǫ 5 ǫ3 ǫ

ǫ 4 ǫ2 1

ǫ 4 ǫ2 1



 MνD
∼ 〈Hu〉ǫ

s





ǫ2 ǫ ǫ

ǫ 1 1

ǫ 1 1



 ,

Mνc ∼ MR





ǫ2 ǫ ǫ

ǫ 1 1

ǫ 1 1



 See-Saw ⇒ M light
ν ∼

〈Hu〉
2

MR
ǫ2s





ǫ2 ǫ ǫ

ǫ 1 1

ǫ 1 1



 .

Here small parameter ǫ ≃ .2 and p = (0, 1, 2) for tanβ = (50, 20, 5)

• This experimental fact motivates a generation dependent U(1) symmetry.



U(1) flavor charge assignment

Field U(1)A Charge Charge notation

Q1, Q2, Q3 4, 2, 0 q
Q
i

L1, L2, L3 1 + s, s, s qL
i

uc
1, uc

2, uc
3 4, 2, 0 qu

i

dc
1, dc

2, dc
3 1 + p, p, p qd

i

ec
1,ec

2,ec
3 4 + p − s, 2 + p − s, p − s qe

i

νc
1 , νc

2 , νc
3 1, 0, 0 qν

i

Hu, Hd, S 0, 0, −1 (h, h̄, qs)



The value of Yukawa couplings at MF from low energy data through two–loop RGE
(tanβ = 5)

Y
u =





(1.45 + 1.60 i) ǫ
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4
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2
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i
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2
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4
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



Anomalous U(1) Symmetry and Lepton Flavor Violation

Enkhbat, Gogoladze, KSB  (2003)



Enkhbat, Gogoladze, KSB  (2003)



Enkhbat, Gogoladze, KSB  (2003)



Electric Dipole Moments of the leptons and the neutronElectric Dipole Moments of the leptons and the neutron

Violates CPViolates CP

Electron:

Muon:

Neutron:

Phases in SUSY breaking sector contribute to EDM.Phases in SUSY breaking sector contribute to EDM.



SUSY Contributions:SUSY Contributions:

A, B are complex in MSSMA, B are complex in MSSM

If SUSY-breaking parameters are all real, EDMs can still arise from 
neutrino Yukawa couplings 

de ~ 10-31 e-cm
Ellis et al  (2002) 



EDM from Flavor Symmetry

The EDM induced by the U(1)A flavor gaugino is estimated to be

de/e ≃
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Cm–soft mass corrections, CA– A–term corrections
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Figure 4: The Electron Electric Dipole Moment. The red line: experimental bound

Ts. Enkhbat, KSB, hep-ph/0406003
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Figure 5: Muon Electric Dipole Moment.
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Figure 6: Neutron Electric Dipole Moment.
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Figure 7: Deuteron Electric Dipole Moment.
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Figure 8: Electron Electric Dipole Moment by purely the neutrino effects.



Parity Symmetry and EDMParity Symmetry and EDM: If parity is realized asymptotically,: If parity is realized asymptotically,

EDM will arise only through nonEDM will arise only through non--hermiticity induced by RGE.hermiticity induced by RGE.

Subject to experimental testsSubject to experimental tests

Dutta, Mohapatra, KSB (2001)



Scaling of Lepton EDM with Lepton Mass

Lepton Dipole Moment Matrix D:

Dij ∼ dτ





















(me/mτ )3 + c α
4π

(me/mτ ) − −

(mem
2
µ/m3

τ ) (mµ/mτ )3 −

(me/mτ )2 (mµmτ ) 1





















.

Here e, µ, τ obtain masses by mixing with exotic leptons X .

(ℓ−iL, X−

iL)





m̂i 0

Mi 〈Fi〉









ℓ+iL

X+

iL



 .

Lepton EDM given by

di
∼=

3e

32π2
λi

m̂i〈Fi〉

M3
i

=
3e

32π2
λi

mi

M2
i

.

For M ∼ 1 TeV, dµ ∼ 3 × 10−23e cm. S. Barr, KSB (2001)
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ConclusionsConclusions

•• MuonsMuons can serve as powerful probes of physics beyond can serve as powerful probes of physics beyond 
the Standard Modelthe Standard Model

•• SupersymmetrySupersymmetry naturally leads to large corrections to naturally leads to large corrections to 
muonmuon gg--22

•• SupersymmetricSupersymmetric seesaw mechanism suggests observable seesaw mechanism suggests observable 
µµ→→eeγγ raterate

•• Flavor symmetry for Flavor symmetry for fermionfermion masses and mixings leads masses and mixings leads 
to sizable to sizable µµ→→eeγγ rate and EDMrate and EDM

•• LeptonicLeptonic EDM need not scale linearly with lepton massEDM need not scale linearly with lepton mass
•• Large neutrino mixing may indicate Large neutrino mixing may indicate muonmuon EDM as large EDM as large 

as 10^(as 10^(--22) e cm22) e cm
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